Abstract We investigate in detail the 21 May 2004 flare using simultaneous observations of the Nobeyama Radioheliograph, Nobeyama Radiopolarimeters, Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) and Solar and Heliospheric Observatory (SOHO). The flare images in different spectral ranges reveal the presence of a well-defined single flaring loop in this event. We have simulated the gyrosynchrotron microwave emission using the recently developed interactive IDL tool GX Simulator. By comparing the simulation results with the observations, we have deduced the spatial and spectral properties of the non-thermal electron distribution. The microwave emission has been found to be produced by the high-energy electrons (> 100 keV) with a relatively hard spectrum (δ ≃ 2); the electrons were strongly concentrated near the loop top. At the same time, the number of high-energy electrons near the footpoints was too low to be detected in the RHESSI images and spatially unresolved data. The SOHO Extreme-ultraviolet Imaging Telescope images and the low-frequency microwave spectra suggest the presence of an extended "envelope" of the loop with lower magnetic field. Most likely, the energetic electron distribution in the considered flare reflects the localized (near the loop top) particle acceleration (injection) process accompanied by trapping and scattering.
Introduction
Energetic electrons play a key role in solar flares and therefore knowing their distributions is highly important for better understanding the flare mechanisms and verifying the flare models. A lot of information (e.g., the electron spectra, energetics, spatial distribution) can be inferred from the hard X-ray observations. However, at energies above ∼ 50 keV, we usually see only hard X-ray emission from the footpoints of the flaring loops, which are located far from the particle acceleration sites; the electron number and spectra in the footpoints thus could be strongly affected by the propagation and trapping processes. At relatively low energies (up to a few tens of keV), the electrons in the corona can also be studied using X-ray imaging (see, e.g., Kontar, Hannah, and Bian, 2011; Guo et al., 2012; Jeffrey and Kontar, 2013) . In particular, the observations by Kontar, Hannah, and Bian (2011) , Bian, Kontar, and MacKinnon (2011) , and Bian, Emslie, and have indicated that the particle propagation in the flaring loops could be strongly affected by magnetohydrodynamic (MHD) turbulence. At higher energies ( 100 keV), the coronal X-ray emission is usually too weak, so it can be observed only occasionally -in partially occulted events where the bright footpoints are not visible (Krucker et al., 2008a; Krucker et al., 2008b; Krucker et al., 2010) .
On the other hand, the high-energy electrons in the solar corona can be studied using radio observations, because they produce intense gyrosynchrotron emission in the microwave range. Diagnosing the energetic electrons (and other parameters of solar flares) from the microwave emission meets two main difficulties. Firstly, we need well-calibrated observations with high spatial, temporal and spectral resolutions. Secondly, the emission mechanism (even for the incoherent gyrosynchrotron radiation) is rather complicated and depends on many parameters. Therefore, recovering the emission source parameters from microwave observations is a nontrivial task, which generally requires 3D simulations. Such simulations have been performed by, e.g., Preka-Papadema and Alissandrakis (1992), Kucera et al. (1993) , Wang et al. (1995) , Bastian, Benz, and Gary (1998) , Nindos et al. (2000) , Lee and Gary (2000) , and Tzatzakis, Nindos, and Alissandrakis (2008) . However, until now the number of such studies has been limited because precise gyrosynchrotron simulations for realistic 3D configurations tend to be very time-consuming. An important step in improving the simulation tools was the development of the "fast gyrosynchrotron codes" (Fleishman and Kuznetsov, 2010 ) that allow to compute the gyrosynchrotron emission parameters with high speed and accuracy. These codes have been used in the interactive IDL tool GS Simulator for 3D simulations of gyrosynchrotron emission from model magnetic tubes with a dipole magnetic field . The next iteration of this simulation tool, GX Simulator, uses realistic magnetic field configurations based on the extrapolation of observed photospheric magnetograms (Nita et al., 2011a; Nita et al., 2011b; Nita et al., 2012) , which enables us to perform a quantitative comparison between the observations and the simulation results. By varying the model parameters and analyzing the simulation results, we can choose the set of parameters that provides the best fit to the observations. Since the automatic forward-fitting algorithms have not been implemented yet, the described diagnosing method can be effectively applied only to the events with the simplest structure.
In this work, we analyze the observations and perform simulations for the flare on 21 May 2004, in which the observations with different instruments indicate the presence of a well-resolved single flaring loop. The main purpose of the work is to reconstruct the spatial distribution of the energetic electrons along the loop and to determine the electron energy spectra in the corona. The observations are summarized in Section 2. In Section 3, we present the 3D simulations of the microwave emission. The implications of the obtained results are discussed in Section 4. The conclusions are drawn in Section 5. 
Observations
We have selected a GOES M2.6 class flare that occurred on 21 May 2004 in the active region AR 10618 at S10E53. The microwave emission of this flare was observed by the Nobeyama Radioheliograph (NoRH) (Nakajima et al., 1994) and Radiopolarimeters (NoRP); the hard X-ray emission was observed by the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) (Lin et al., 2002) . Figure 1 demonstrates the NoRP and RHESSI lightcurves (spatially integrated microwave and X-ray emissions). The microwave emission starts to increase after 23:46 UT and reaches its maximum at about 23:50 UT. After that, the intensity gradually decreases, although there are two additional weaker peaks at about 23:52 and 23:53 UT (see the 9.4 and 17 GHz lightcurves). The hard X-ray emission (especially in the 25-100 keV energy range) presents a similar behavior; the above mentioned three microwave peaks have well-visible counterparts in the 25-50 keV lightcurve. The main flare peak (at about 23:50 UT) is clearly visible in the 50-100 keV energy range as well. The X-ray emission at lower energies (< 25 keV) varies more smoothly, while the higher-energy emission (> 100 keV) presents no noticeable variation (i.e., no flare-related signal) throughout the considered time interval. Figure 2 shows the NoRP microwave spectra (spatially unresolved) at three times corresponding to the strongest microwave emission peaks. The spectra have the shape typical of the nonthermal gyrosynchrotron emission mechanism; the emission peaks at 9.4 GHz. The shape of the spectra also suggests that the emission at the frequencies of 17 GHz is optically thin; the emission spectral index, δ MW (derived from the fluxes at 17 and 34 GHz), is about 1.15. According to the simulations of Dulk and Marsh (1982) , the spectral index of gyrosynchrotron emission is related to the spectral index of the emitting electrons δ as δ MW ≃ 0.90δ − 1.22; this approximation yields a rather hard electron spectrum with δ ≃ 2.65.
The spatially integrated RHESSI X-ray spectra of the considered flare (not shown in this paper) at energies below ∼ 100 keV can be fitted by the thermal plus thick-target power-law model function with the temperature of the thermal component of about 2.3 × 10 7 K. At higher energies (> 100 keV), there was no reliable X-ray signal. Figure 3 shows the NoRH microwave images of the flare at three different times (corresponding to the microwave intensity peaks, like in Figure 2 ). During the impulsive phase of the flare (23:47-23:59 UT), the microwave source structure remained nearly the same, despite of significant variations of the emission intensity. At 34 GHz, we see a well-defined loop-shaped structure with a distance between the footpoints of about 25
′′ and a projected height of about 15 ′′ . At 17 GHz, the emission source is larger, which is caused mainly by lower instrument resolution at this frequency (the NoRH beam widths at 17 and 34 GHz are about 18 ′′ and 9 ′′ , respectively). As has been noted above, one of the aims of this work is to study the spatial distributions of the energetic electrons along the coronal loop; to do that, we have calculated firstly the 1D profiles of the microwave brightness temperature along the loop axis. The loop axis (at each time) was fitted by three-point cubic spline; the central point coincided with the 34 GHz intensity maximum and two other points were chosen to provide the best ("by-eye") agreement of the resulting curve with the axis of the suggested magnetic loop, according to the 34 GHz image. The obtained axial lines are shown in Figure 3 and the corresponding 1D brightness temperature profiles are shown in Figure 9 . As one can notice from both the 2D images and 1D profiles, the emission is strongly peaked near the loop top.
The flare images in microwaves (34 GHz), hard X-rays (12 − 100 keV) and EUV (195Å) and the photospheric magnetogram are compared in Figure 4 ; the time corresponding to the first and strongest microwave peak (23:50:11 UT) is chosen. The Solar and Heliospheric Observatory Extreme-ultraviolet Imaging Telescope (SOHO/EIT) EUV image and the Solar and Heliospheric Observatory Michaelson Doppler Imager (SOHO/MDI) magnetogram were recorded at 23:48:10 UT and 00:00:00 UT (of the next day), respectively, and were adjusted using the SolarSoft package to account for the SOHO location and differential rotation. At lower energies (12-25 keV), the X-ray image reveals the same loop-shaped structure as in microwaves; the emission is peaked at the loop top. At 25-50 keV, the visible loop becomes longer; in addition to the loop-top source, we see the loop footpoints 1 . At 50-100 keV, only the footpoints are visible. At energies above 100 keV, the X-ray flux is too low to produce images. The 195Å image agrees well with both the microwave and (even better) the X-ray images and reveals the same single-loop structure. However, in addition to the main EUV loop, there is a region of decreasing emission extended to the South-East. The same feature can be noticed in the microwave images at later stages of the flare (see Figure 3 ). According to the magnetogram, the considered active region contained two spots with strong magnetic fields of opposite polarities, whose locations agree well with the footpoints of the loop in microwaves, X-rays, and EUV. Therefore, we conclude that the 21 May 2004 flare had a relatively simple single-loop structure while producing intense and well-observed emission at different wavelengths (most importantly, in microwaves), which makes this flare a good candidate for further investigation.
Simulations of the Loop Structure
To investigate the parameters of energetic electrons in the considered flare, we have performed a number of 3D simulations of the gyrosynchrotron microwave emission. We used the recently developed interactive IDL tool GX Simulator (Nita et al., 2011a; Nita et al., 2011b; Nita et al., 2012) . This tool allows us: a) to create a 3D magnetic field model based on the extrapolation of a photospheric magnetogram; b) to select a magnetic field line and coronal magnetic flux tube of interest; c) to populate that magnetic tube with thermal and nonthermal electrons with specified spatial, energy and pitch-angle distributions; d) to calculate 2D maps of the resulting gyrosynchrotron emission at different frequencies by integration of the radiation transfer equation along the lines-of-sight (using the fast gyrosynchrotron codes of Fleishman and Kuznetsov, 2010) . The calculated maps (at 17 and 34 GHz) were then convolved with the corresponding NoRH response functions to obtain the images as they would be observed by the radioheliograph. The 1D brightness temperature profiles along the loop axis were calculated using those convolved images and the same axial lines as for the observed images. The magnetic field was reconstructed using the linear force-free extrapolation, ∇ × B = αB (see, e.g., Nakagawa and Raadu, 1972; Seehafer, 1978) ; the corresponding numerical code was provided by Costa (2013, private communication) . This code requires knowing the vertical (B z ) component of the photospheric magnetic field, while SOHO/MDI measures only the line-of-sight component of the magnetic field and the considered active region was located rather far from the center of the solar disk. Therefore, some additional transformations have been applied (see Figure  5) . Firstly, the selected area of the magnetogram (containing the active region, see Figure 5a ) was rotated to the disk center under the assumption that the magnetic field at the photospheric level was perpendicular to the surface, i.e., the resulting magnetic field (Figure 5b ) was calculated as B z = B = B SOHO / cos ϑ, where ϑ is the angular distance from the disk center to a given SOHO/MDI pixel. The resulting photospheric magnetic field varied from −1900 G (in the northern spot) to +2200 G (in the southern spot). Then we performed the extrapolation ( Figure 5d) ; the parameter α was chosen to provide the best fit of the calculated magnetic field lines to the observed microwave loop (see below). Finally, the obtained 3D model of the magnetic field was rotated back to the original location of the active region (Figure 5c ).
Using the extrapolated magnetic field, we have searched for the magnetic tube whose axis (as seen from the Earth) coincided with the axial line of the observed microwave (34 GHz) loop. Since the NoRH positioning is not always sufficiently accurate, we have focused on reproducing the microwave loop shape and dimensions, while applying an appropriate (variable) shift to the observed images. Another variable parameter at this stage was the linear force-free parameter α. The best agreement with the observations was obtained for α ≃ −1.4 × 10 −10 cm −1 and the chosen magnetic tube is shown in Figures 5c-d . Figure 6 demonstrates the dependence of the magnetic field on the coordinate along the magnetic tube; the minimum magnetic field strength (at the loop top) is about B 0 ≃ 360 G. The same magnetic tube (with tiny corrections due to the solar rotation) was used for all considered times.
The spatial distribution of the energetic electrons in the magnetic tube was modeled as n b (l, r) = n b0 (l)ϕ(r), where l is the coordinate along the tube axis (with l = 0 corresponding to the loop top, i.e., to the point of the lowest magnetic field) and r is the distance from the tube axis. The actual thickness of the flaring loop is hard to estimate, because of the insufficient instrument resolution (the observed thickness is very similar to the NoRH beam width). However, since the microwave emission at high frequencies is optically thin, the cross-sectional radius of the magnetic tube is not very important for the simulations, provided that this radius is sufficiently small -in this case, the emission intensity at the tube axis should be simply proportional to the number of energetic electrons at a given cross-section. We modeled the electron distribution across the magnetic tube as ϕ(r) = exp(−r 2 /a 2 ), with a ≃ 730 km (∼ 1 ′′ ). Consequently, the energetic electron density at the tube axis n b0 (l) (see below) could be determined only with accuracy up to a constant factor depending on a.
Our aim is to reproduce the observed 1D profiles of the microwave brightness temperature along the loop axis. To do this, we have tried different spatial distributions of the energetic electrons along the magnetic tube n b0 (l). As one may expect from radio images, the energetic electrons should be concentrated near the loop top. However, we have discovered that a simple (e.g., exponential or gaussian) spatial distribution does not agree with the observations. Firstly, the electron distribution should have a sharp peak near the loop top, while near the footpoints it should become much smoother (that is, closer to a uniform one). Secondly, the electron distributions in different legs of the flaring loop seem to be asymmetric. Hence, we described the spatial distributions of energetic electrons along the tube axis by a model function consisting of four Gaussians: Table 1 . Parameters of the energetic electron distribution used in the model to fit the radio data. nmax is the maximum electron concentration, l 0 is the shift of the electron distribution relative to the loop top, the lengths d 1 , d 2 , d 3 , d 4 , l 12 and l 34 control the spatial distribution modeled by Equation (1) and the resulting density of energetic electrons is presented in Figure 7 . N total is the total number of the energetic electrons with E ≥ 60 keV in the loop. ∆ 17 and ∆ 34 are the maximum relative differences between the observed and simulated brightness profiles at two frequencies. Figure 7 . Spatial distributions of the energetic electrons n b0 (l) along the magnetic loop axis l using the parameters from Table 1. Note that the peak of the distribution is shifted by l 0 .
where n max is the maximum electron concentration, l 0 is the shift of the electron distribution relative to the loop top, the lengths
, l 12 and l 34 control the shape of the distribution, and the factors A 1 and A 4 are chosen to make the function n b0 (l) continuous. The parameters are given in Table 1 . Note that the problem of inversion of the solar radio images, obviously, has no unique solution. Therefore the model function given by Equation (1) is just one of the possibilities; it was chosen due to its (relative) simplicity and the easiness of implementation. The total number of energetic electrons in the active region is given by
where l min and l max correspond to the points where the magnetic tube crosses the photosphere. The energetic electrons are assumed to have a power-law energy distribution: f (E) ∼ E −δ for E ≥ 60 keV (since the gyrosynchrotron radiation is produced mainly by high-energy electrons and the low-energy cutoff is not very important). The pitch-angle electron distribution was assumed to be isotropic. Since we are interested mainly in high-frequency emission where the influence of the thermal plasma (e.g., the Razin suppression) is negligible, the thermal plasma density was not included into the fitting procedure, i.e., this parameter was assumed to be the same and relatively small (n 0 = 5 × 10 9 cm −3 ) in all the simulations. We have performed a number of simulations, varying the parameters of the model function given by Equation (1) as well as the electron power-law index δ. The aim was to obtain the best agreement between the simulated and observed 1D distributions of the microwave brightness temperature along the loop axis at both NoRH frequencies. Namely, the agreement (at a given emission frequency) was characterized by the value
where T obs (s) and T mod (s) are respectively the observed and simulated brightness temperatures at the loop axis, and all the possible values of the coordinate s along the loop axis are considered. The fitting was to minimize the value ∆ 17 + ∆ 34 , which implies minimizing the differences between the simulations and the observations at both 17 GHz (∆ 17 ) and 34 GHz (∆ 34 ). As mentioned above, at this stage of development of the simulation tool, adjustment of the model parameters and evaluation of the fit goodness were performed manually. The best fit parameters for three different times (corresponding to the microwave intensity peaks) are given in Table 1 . The corresponding spatial distributions of the energetic electrons along the magnetic tube axis are shown in Figure 7 .
The achieved values of ∆ 17 and ∆ 34 are also given in Table 1 ; one can see that the observations and the simulations agree with an accuracy of about 10% or better. Simulations with different model parameters suggest that possible variations of the electron distribution parameters near the loop top (n max , δ, l 0 , l 12 , l 34 , d 2 , d 3 ) do not exceed ∼ 10%; the estimations of the distribution parameters near the footpoints are less reliable: the scales d 1 and d 4 may vary by a factor of up to ∼ 1.5. The computed 2D maps of the gyrosynchrotron emission (convolved with the NoRH response functions) are shown in Figure 8 , while the 1D distributions of the brightness temperature along the loop axis (the observed and simulated ones) are shown in Figure 9 . It is important that the simulations reproduce well the observed spectral index of the emission, i.e., the ratio of intensities at 17 and 34 GHz. This result confirms, in particular, that an influence of the thermal plasma at the frequencies of 17 GHz can be neglected. The total (spatially integrated) emission spectra are presented in Figure 10 ; the simulated spectra are shown by solid continuous lines, while the observations were available only at several frequencies. Note that there is a difference between the NoRH and NoRP data, caused by the calibration issues.
Discussion
As it can be noticed from Figure 7 , the spatial distributions of energetic electrons at all considered times present similar features, despite significant variation in the particle concentration. It seems that the energetic electron population in the considered flare consisted of two components: one strongly peaked near the loop top component and a more homogeneous background. The strongly peaked component might be formed due to the localized (near the loop top) isotropic particle injection combined with the subsequent particle trapping in the inhomogeneous magnetic field, as shown, e.g., in the numerical simulations by Melnikov (2006) and Gorbikov and Melnikov (2007) . The weakly peaked (sometimes almost homogeneous) background might be formed as a result of scattering of the injected and trapped energetic particles, e.g., due to small-scale magnetic turbulence (Kontar, Hannah, and Bian, 2011) . It is highly likely that the two mentioned electron components have different energy spectra, but currently we cannot check this hypothesis because of insufficient instrument resolution. Temporal variations of the electron parameters (see Table  1 ), most likely, reflect the processes of impulsive particle acceleration/injection and subsequent particle propagation along the flaring loop.
The fact that the energetic electrons were concentrated at the loop top can explain the absence (non-detection) of the high-energy (> 100 keV) X-ray emission; i.e., in the coronal part of the flaring loop, where the high-energy electrons were abundant, the plasma density is relatively low and hence the thin-target bremsstrahlung emission (which is proportional to plasma density) is weak. On the other hand, in the loop footpoints (where the plasma density is high), the number of the high-energy electrons is negligible.
It can be noticed from Table 1 that the peak of the spatial distribution of the energetic electrons is slightly shifted from the loop top (l 0 ≃ −3200 km). This may indicate the location of the particle injection point. However, this shift might also be caused by instrumental effects, e.g., by incorrect alignment of the magnetogram and the microwave images and/or by inaccuracy of the magnetic field extrapolation.
The inferred electron energy spectra are rather hard (see Table 1 ). Note that the best-fit spectral indices differ from the estimations based on the approximation proposed by Dulk and Marsh (1982) , which is caused mainly by the magnetic field inhomogeneity in the emission source in our simulations (see Figure 6) ; similar results have been obtained by Kuznetsov, Nita, and Fleishman (2011) for the gyrosynchrotron emission from model magnetic loops with inhomogeneous magnetic field. In addition, the spectral indices given in Table 1 represent some approximate (average) values for the entire flaring loop, while, as noted above, the actual electron spectra could be spatially dependent.
The simulated spectra of the total (spatially integrated) emission (see Figure 10 ) at the frequencies of 17 and 34 GHz demonstrate a good agreement with the NoRP and NoRH observations. This is not surprising, because the simulation parameters were chosen to fit the spatially resolved observations at those frequencies. At lower frequencies, the agreement is not so good: the observed spectrum is flatter than the computed one. Nevertheless, the simulations are able to reproduce approximately the location and magnitude of the spectral peak, which confirms the reliability of the obtained model. At even lower frequencies ( 4 GHz), the simulations cannot reproduce the observations: the observed emission intensities are much higher than the simulated ones. Although the emission source in our simulations is strongly inhomogeneous (see Figures 6 and 7) , this inhomogeneity (i.e., when we consider only the main flaring loop) cannot account for the observed spectral flattening. Note that an increase of the thermal plasma density in the flaring loop would make the simulated spectra at low frequencies even steeper (Kuznetsov and Zharkova, 2010) .
The difference between the observed and simulated spectra at the frequencies 4 GHz might be caused by a contribution of plasma emission, which is typical of this frequency range. Alternatively, the additional low-frequency emission could be produced in another gyrosynchrotron source, e.g., in another (smaller) flaring loop or in an extended "envelope" of the main loop (filled with energetic electrons, but with a relatively low magnetic field). A similar assumption has been proposed in the past to interpret the radio observations of several events (see, e.g., Klein, Trottet, and Magun, 1986; Bruggmann et al., 1994) . As has been said in Section 2, the existense of such extended emission source can be suggested also from the EUV observations (see Figure 4b ) and, partially, from the 34 GHz NoRH observations (Figure 3) .
The presence of an extended envelope around the flaring loop seems to contradict the above conclusion that the 21 May 2004 flare had a simple single-loop structure. This fact highlights that, even if we see a simple source structure at some wavelengths, the actual structure of the active region may be much more complicated. Nevertheless, the loop envelope seems to affect only the low-frequency radio emission; thus the diagnostics based on the NoRH observations (and applied to the main flaring loop only) remains reliable.
As noted above, the presented simulations were performed (for simplicity) for an isotropic pitchangle distribution of the energetic electrons. Simulations for the loss-cone distribution provided almost the same results, because in the considered event most of the energetic electrons were concentrated near the loop top, where the loss-cone angle is small and therefore the incoherent gyrosynchrotron radiation from the loss-cone distribution becomes similar to that from the isotropic electrons .
Conclusion
We have shown that spatially-resolved microwave observations together with 3D simulations can be an effective tool for diagnosing the energetic electrons in solar flares. By using the IDL program GX Simulator, varying the model parameters and comparing the simulation results with observations, it is possible to reconstruct the spatial distributions of energetic electrons in flaring loops and to estimate their energy spectrum and total number. For the 21 May 2004 flare, we have achieved a good agreement between the simulated microwave data and both the spatially resolved and unresolved observations.
On the other hand, the described diagnosing method still requires some additional data, besides the microwave observations -namely, a 3D model of the magnetic field in the corona. Currently, this field is obtained using extrapolation of a photospheric magnetogram and therefore the simulation/diagnosing results are dependent on the extrapolation method used. However, we anticipate that this problem will be solved soon by using simultaneous multiwavelength imaging observations in the radio/microwave range with new or upgraded instruments (such as the Chinese Solar Radioheliograph, Upgraded Siberian Solar Radio Telescope and Expanded Owens Valley Solar Array); we expect that the new observations will enable us not only to compare and verify different magnetic field extrapolation techniques, but to perform independent measurements of the coronal magnetic field.
We have found that in the analyzed flare (21 May 2004), the energetic electrons were concentrated near the loop top. It seems that the energetic electron population consisted of two components: a strongly peaked (near the loop top) component and a more homogeneous "background"; this spatial distribution might be formed due to a combination of the processes of particle acceleration, trapping and scattering. The X-ray emission at high energies (> 100 keV) was below the detection level, despite of a relatively large total number of high-energy electrons; this contradiction can be explained by the fact that most of the energetic electrons are trapped in the coronal part of the flaring loop, where they do not produce a significant X-ray emission. The microwave and EUV observations also indicate that, besides the main flaring loop, the active region might contain a more extended gyrosynchrotron emission source filled with energetic electrons but with a relatively low magnetic field.
